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Test Procedures for Electric Motors Under 10 CFR Part 431 1 Introduction
This note provides analysis of the procedures for efficiency testing of polyphase electric motors promulgated by Part 431 of the Code of Federal Regulations [1] . It is intended to supplement the materials published in the Federal Register [1, 2] , and to specifically address issues regarding the performance of these sampling plans in establishing conformance with the minimum nominal efficiencies mandated by the Energy Policy and Conservation Act of 1975 (EPCA), as amended [3] . Part 431 will be referred to herein as the Final Rule. In the context of the Final Rule, laboratory measurements of motor efficiency are used for three purposes: 1) certification of efficiency performance; 2) substantiation of an Alternative Efficiency Determination Method (AED M); and 3) enforcement testing. This note discusses each of these topics in turn and thus supersedes NIST Technical Note 1422 [4] , which dealt solely with enforcement testing.
The remainder of this document is organized as follows: Section 2 discusses the general objectives and constraints for testing under EPCA; Section 3 discusses the guidelines for motor efficiency labeling established by NEMA Standard MG 1-1993; Section 4 discusses the model assumptions used in calculating the operating characteristics; Section 5 discusses the operating characteristics of the sampling plan for certification testing; Section 6 discusses substantiation of an Alternate Energy Determination Method (AEDM); Section 7 discusses the operating characteristics of the Sampling Plan for Enforcement Testing. For the convenience of the reader, relevant portions of the Final Rule are provided in Appendix A.
General guidelines
We begin with a brief summary of the general objectives and guidelines for testing under the EPCA legislation. A general statement of purpose of the EPCA legislation is provided in 42 V.S.C. 6312(a):
It is the purpose of this part to improve the efficiency of electric motors and pumps and certain other industrial equipment in order to conserve the energy resources of the Nation.
To this end, EPCA establishes energy efficiency standards, Le., a set of minimum nominal efficiencies, for certain general purpose electric motors.
The EPCA legislation establishes that a program of systematic testing be used to demonstrate that energy efficiency standards are met. To re-cap, the purposes of EPCA are met provided: 1) the average energy efficiency of each covered product is not less than the applicable EPCA efficiency standard, and 2) the average energy efficiency of each covered product is not less than the represented energy efficiency. Compliance with EPCA energy efficiency standards and with the represented energy efficiency is demonstrated by a program of systematic testing. EPCA stipulates that testing should not be unduly burdensome to conduct. Thus the two key criteria for the evaluation of a sampling plan established under EPCA are: 1) the assurance provided by that plan that the average performance of that product meets or exceeds the EPCA standard efficiency and the represented efficiency, and 2) the burden placed on industry by testing under the plan.
Industry practice
Industry guidelines for efficiency labeling are established by NEMA Standard MG 1-1993 [5] . 
where RE is the rated efficiency and T E is the true efficiency of the population. So stated, the loss fraction is a percentage of the rated full-load losses such that 100% corresponds to the case where the true efficiency of the population and the rated efficiency are
equal. 
Compliance certification
The full text of the sampling plan for compliance certification may be found in Appendix A of this report.
To emphasize the salient features of the sampling plan, we paraphrase these criteria as follows:
Compliance with a rated efficiency is demonstrated provided:
(A) The average full-load efficiency of a sample of not fewer than five motors is not less than the value given by the following expression, 100
where RE is the rated efficiency, and (B) No individual motor in the sample shall have full-load efficiency less than the value given by the following expression, 100
where RE is the rated efficiency.
The operating characteristics of this sampling plan are shown in Figure 1 . The data shown depict the outcome when testing a sample of five motors. The contours shown in the figure correspond to equal probabilities of demonstrating compliance. For example, if the average efficiency of a basic model is equal to the rated efficiency, i.e., LF = 100%, and the standard deviation of the total losses is approximately 6% of the total losses, then the probability of demonstrating compliance with the rated efficiency is approximately 95%. The risk of a false determination of non-compliance is thus approximately 5%, in this case.
Examples of compliance testing
Several hypothetical cases of testing under this sampling plan are presented. Assume for this discussion that a basic model is being tested to demonstrate compliance with a rated efficiency of 89.5%. The condition on the sample mean is obtained by using Eq. 2, which, for a rated efficiency of 89.5, yields 89.0. The condition on the sample minimum efficiency is ob-(3) tained by using Eq. 3, which, for a rated efficiency of 89.5, yields 88.1.
A demonstration of compliance: Five motors are selected at random from a representative population of motors and tested. The results of testing yield efficiencies of 89.9, 89.2, 89.0, 89.3, and 89.4. The mean efficiency of the sample and the sample minimum efficiency are thus 89.4 and 89.0, respectively. Since the sample mean is greater than 89.0 and the least efficient motor has an efficiency that is greater than 88.1, the criteria for a demonstration of compliance are satisfied and the manufacturer may represent the basic model to be 89.5% efficient.
N on-compliance due to a low mean:
Five motors are selected at random from a representative population of motors and tested. The test results yield efficiencies of 88.9, 88.8, 88.6, 89.0, and 89.1. The mean efficiency for the sample and the sample minimum efficiency are thus 88.9 and 88.6, respectively. Since the sample mean is less than 89.0, the Loss Fraction (percent) Figure 1 : The operating characteristics of the sampling plan for certification of compliance. The contours indicate the probability of demonstrating compliance, e.g., the 0.900 contour corresponds to a 90% likelihood of demonstrating compliance while testing under the sampling plan. The model calculations shown are for a sample of five.
criteria for a demonstration of compliance are not satisfied; the manufacturer may not represent the basic model to have a rated efficiency of 89. An AEDM is substantiated provided:
1. At least five different basic models are tested according to the procedures established for certification testing, and 2. The total power loss calculated by the AEDM is within the interval of :i:l0% of the mean total power loss determined from the actual testing for each of the basic models tested.
The scenario described, in which testing is required to conform to a predetermined precision is addressed by ASTM Standard E 122-89 [10] . This standard is based on the t statistic and establishes the sample size required to determine a two-sided confidence interval on the estimate of the mean. The following discussion provides an estimate of the number of tests needed to support the :i:l0% precision required by the Final Rule.
Following the ASTM standard, the sample size n needed to support a tolerance E is given by the following expression:
n= (~f where a is the standard deviation, t is a coefficient that corresponds to the desired statistical confidence. Values of t for commonly specified statistical confidences are presented in Table 2 . Since a high statistical confidence is desired, we set the coefficient t to three. The error tolerance, E, is 10% of the total loss, Le., E = 0.10(100-RE).
If we further assume, as discussed in section 3, that a 20% tolerance in total loss corresponds to three standard deviations, Le., , and conclude that no fewer than four motors should be tested. The Final Rule, in establishing a minimum sample of five for compliance testing, appears to be consistent with this result. The Sampling Plan for Enforcement Testing is based on a procedure, which is due to C. Stein [11, 12] , for obtaining a confidence interval on a mean.
Since the Sampling Plan for Enforcement Testing may recommend that certain adverse actions be taken against a manufacturer-e.g., relabeling, the cessation of the sale and distribution of certain basic models, and the assessment of fines-the risk of a false determination of noncompliance should be small. The sampling plan is based on a 97.5% statistical confidence, thus the risk to a manufacturer of a false determination of noncompliance is no greater (4) than 2.5%.
The legislation is supported by ensuring that the mean efficiency of each basic model is not less than the EPCA nominal efficiency and the rated efficiency. This objective may be satisfied by demonstrating that the mean efficiency obtained by tests conducted on a random sample of motors exceeds a lower controllimit. The Sampling Plan for Enforcement Testing estimates the true mean full-load efficiency of the basic model and the confidence that this estimate ex-(5) ceeds a lower control limit. The Sampling Plan for Enforcement Testing assumes that the true mean fullload efficiency, the standard deviation of the motor efficiencies, and the distribution of motor efficiencies are not known.
The Sampling Plan for Enforcement Testing has been (6) adapted from that provided for appliance testing under Part 430 [13] . This sampling plan is based on the t-test. The t-test is well suited to this application as it is well known to be insensitive to departures from (7) the a~sumption of norma~ly distributed. da.ta: The t-test IS a test on a mean, I.e., an average of mdependent values obtained by a random sample. In general, sums of arbitrary, independent random values tend to have a distribution that is almost normal. Hence, the t-test is not strongly influenced by the exact form of the underlying distribution. The contours indicate the probability of demonstrating compliance, e.g., the 0.90 contour corresponds to a 90% likelihood of demonstrating compliance.
Method
The best estimate of the true mean efficiency that may be obtained by tests conducted on a random sample is the mean efficiency of that sample,
where Xi is the measured full-load efficiency of unit i, and n is the number of units tested. The uncertainty of this estimate depends on two factors: 1) the size of the sample, i.e., the number of motors tested, and 2) the underlying variability in the entire population of motors. The sample standard deviation, 
is distributed according to a probability density function that is known in statistics literature as the tdistribution. The values of t associated with commonly specified percentiles are readily available and are included in many references on statistics [14] .
Establishing a lower control limit. Equation (11) provides an expression for the mean of the (9) sample:
(12) (10) We may assume, by hypothesis, that the units to be tested are drawn from a population of motors for which the mean full-load efficiency is equal to or greater than the rated efficiency RE. If t is the 97.5th percentile of the t-distribution appropriate to the sample size, then the probability of obtaining a 
x~RE -tSE(X),
is not less than 97.5%, which recommends the lower control limit,
LCL = RE -tSE(X).
To apply this method, a random sample of motors is tested and the mean and standard error in the mean are calculated. Based on the size of the sample and the confidence desired, the appropriate t-value is selected and the lower control limit calculated. For example, 97.5% confidence and a sample size of five units recommends a t-value of 2.776. Provided the mean efficiency obtained from the random sample is not less than the lower control limit, as defined by Eq. (14), we may assert with a confidence not less than 97.5% that the true mean efficiency of the entire population is not less than the rated efficiency and thus that the basic model is in compliance.
In any statistical test there is some probability of incorrectly concluding noncompliance. By design, the probability that the mean efficiency for a random sample drawn from this population of motors would fall below the lower control limit, hence, the risk of incorrectly concluding that the basic model is in noncompliance, is not greater than 2.5%.
There is some probability that the estimate of the standard deviation and, therefore, that the standard error in the mean is large and that the lower control limit may be set, by chance, to an exceptionally large value. To avoid this circumstance, it is sufficient to establish a tolerance for the standard error in the mean, SE(X). The tolerance for the standard error should be chosen to be appropriate for the size and type of motor being tested and to be supported across the industry.
By definition, the efficiency as a percentage can be expressed as,
where Pin and Pout are the input and output power, respectively.
Following the convention used by NEMA [5] , the minimum efficiency is calculated at constant output power, thus
= which is again expressed as a percentage. The lower
The second condition is obtained from Eq. (16) by setting the efficiencyequal to the RE.
Discussion. By design, the tolerances for the motor efficiency specified by the Final Rule are closely associated with the NEMA guidelines for motor efficiency labeling, and are thus likely to follow quality control practices used by industry. This has several potential advantages: 1) industry should be better able to estimate the risk involved with the selection of a basic model for testing and thus better manage their financial risk, and 2) the investment required for personnel training should be reduced since the tolerances recommended by Part 431 follow those currently used by industry.
The Sampling Plan has an additional advantage: IT a manufacturer is in compliance with the voluntary NEMA guidelines for motor efficiency labeling, the probability of demonstrating compliance by actual testing is high. As discussed, the probability of failure during enforcement testing due to a low mean value is not greater than 2.5%. A motor may also fail during enforcement testing due to high variability. We next estimate the likelihood that a motor labeled in accordance with the MG 1 guidelines would fail during enforcement testing due to insufficient sample size.
Step 7 of the NOPR Sampling Plan for Enforcement Testing sets a condition on the sample size. To demonstrate compliance, the initial sample size n1 must satisfy the following condition:
where RE is the rated efficiency and S1 is the standard deviation of the sample. This equation may be rearranged to yield a condition on the value of t:
Following our earlier discussion, we assume that the difference between the NEMA Nominal and Minimum efficiencies corresponds to three standard deviations, and use the following approximation:
Jnl 3Jnl
Upon substitution into Eq. 20, the following condition on t is obtained:
follows: For an initial sample of five, t must exceed ten for the sample to fail due to insufficient sample size. The probability that t would exceed 10 by chance is less than 1 in 1000, for a sample of five. We conclude that it is highly unlikely that a product that is labeled in accordance with the MG 1 guidelines would require testing beyond the initial sample of five.
The operating characteristics of the Sampling Plan for Enforcement Testing are shown in Figure 2 , which present data for an initial sample of five and testing as many as 20. It may be noted that the 97.5% contour is independent of the standard deviation.
Enforcement testing example
A specific example of the use of the Sampling Plan for Enforcement Testing follows. We assume that a basic model is tested for a rated efficiency of 89.5.
The manufacturer may select at random no fewer than five units and no more than 20 units from a representative population of motors.
Step 1. The first sample size (nd must be five or more units.
In this example, we assume that the manufacturer elects to test an initial sample of five motors, nl = 5.
Step 2. Compute the mean (A\) of the measured energy performance of the nl units in the first sample as follows:
The standard error of the mean is 0.2.
Step 5. Compute the lower control limit (LCLd for the mean of the first sample using RE as the desired mean as follows:
where RE is the applicable EPCA nominal full-load efficiency when the test is to determine compliance to the applicable statutory standard, or is the labeled nominal full-load efficiency when the test is to determine compliance with the labeled efficiency value, and t is the 2.5th percentile of at-distribution for a sample size of nl, which yields a 97.5% confidence level for a one-tailed t-test. Step 3. Compute the sample standard deviation (81) of the measured full-load efficiency of the nl units in the first sample as follows:
The sample standard deviation is 0.3.
(i) If the mean of the first sample is below the lower control limit, then the basic model is in noncompliance and testing is at an end.
(ii) If the mean is equal to or greater than the lower control limit, no final determination of compliance or noncompliance can be made; proceed to Step 7.
Since the mean of the initial sample is greater than the lower control limit, proceed to Step 7.
Step 4. Compute the standard error (8E(Xd) of the mean full-load efficiency of the first sample as Step 7. Determine the recommended sample size (n) as follows: is based on a 20% tolerance in the total power loss at full load and fixed output power.
The recommended sample size is two.
Given the value of n, determine one of the following:
(i) If the value of n is less than or equal to n1 and if the mean energy efficiency of the first sample (X'd is equal to or greater than the lower control limit (LCL1), the basic model is in compliance and testing is at an end.
(ii) If the value of n is greater than n1, the basic model is in noncompliance. The size of a second sample n2 is determined to be the smallest integer equal to or greater than the difference n -n1. If the value of n2 so calculated is greater than 20 -n1, set n2 equal to 20 -n1.
Since the initial sample size is greater than the recommended sample size, the basic model is in compliance and testing is at an end. (C) Have an independent state-registered professional engineer, who is qualified to perform an evaluation of electric motor efficiency in a highly competent manner and who is not an employee of the manufacturer, review the manufacturer's representations and certify that the results of the AEDM accurately represent the total power loss and nominal full load efficiency of the basic model.
A.3 The Sampling Plan for Enforcement Testing
Appendix B to Subpart G of Part 431-Sampling Plan for Enforcement Testing
Step 1. The first sample size (nI) must be five or more units.
Step 2. Compute the mean (Xl) of the measured energy performance of the nl units in the first sample as follows:
1 n}
Xl=-LXi
where Xi is the measured full-load efficiency of unit i.
Step 3. Compute the sample standard deviation (81) of the measured full-load efficiency of the n1 units in the first sample as follows:
Step 4. Compute the standard error (8E(Xl)) of the mean full-load efficiency of the first sample as follows:
-81 8E(XI) = . r,;;-:. ynl (28)
Step 5. Compute the lower control limit (LCLI) for the mean of the first sample using RE as the desired mean as follows:
where RE is the applicable EPCA nominal full-load efficiency when the test is to determine compliance to the applicable statutory standard, or is the labeled nominal full-load efficiency when the test is to determine compliance with the labeled efficiency value, and t is the 2.5th percentile of a t-distribution for a sample size of nl, which yields a 97.5% confidence level for a one-tailed t-test.
Step 6. Compare the mean of the first sample (XI) with the lower control limit (LOLl) to determine one of the following:
(ii) If the meAn is equAl to or greater than the lower control limit, no final determination of compliance or noncompliance can be made; proceed to Step 7.
Step B. Compute the mean full-load efficiency,standard error, and lower control limit of the new combined sample in accordance with the procedures prescribed in Steps 8, 9, and 10, above.
Step C. Compare the mean performance of the new combined sample to the lower control limit (LOL2) to determine one of the following:
(a) If the new combined sample mean is equal to or greater than the lower control limit, the basic model is in compliance and testing is at an end.
(b) If the new combined sample mean is less than the lower control limit and the value of nl +n2+n3 is less than 20, the manufacturer may request that additional units be tested. The total of all units tested may not exceed 20. Steps A, B, and C are then repeated.
(c) Otherwise, the basic model is determined to be in noncompliance.
